A model was developed to simulate acoustically the effects of excitation spread in cochlear implants (CI). Based on neurophysiologic data, the proposed model simulates the electrical-current decay rate associated with broad and narrow types of excitation, such as those produced by monopolar and bipolar electrode configurations. The effect of excitation spread on speech intelligibility was simulated in normal-hearing subjects by varying the slopes of the synthesis bands in the noise vocoder. Sentences and monosyllabic words processed via 4-16 channels of stimulation with varying degrees of excitation spread were presented to normal-hearing listeners for identification. Results showed significant interaction between spectral resolution (number of channels) and spread of excitation. The effect of narrowing the excitation spread was minimal when the spectral resolution was sufficiently good (>8 channels) but it was significant when the spectral resolution was poor (4 channels). A significant decrement in performance was observed for extremely narrow excitation spread. This outcome is partly consistent with behavioral data obtained with cochlear implant studies in that CI users tend to do as well or better with monopolar stimulation than with bipolar stimulation.
Introduction
A number of factors can influence channel interaction in cochlear implants (Stickney et al., 2006; Boëx et al., 2003) . These include, but are not limited to, the electrode configuration (e.g. bipolar, monopolar) employed to generate the electrical field, and the design and placement of the electrode array (e.g. the distance between electrodes and spiral ganglion cells). In the bipolar electrode configuration, electric fields generated between two narrowly spaced electrodes (e.g. a bipolar pair) produce theoretically localized neural activation. In the monopolar electrode configuration the spatial distance between the active and return electrodes is larger so theoretically the current spread is greater than bipolar configuration.
Several studies reported measurements of current spread in bipolar and monopolar configurations using different methods (see summary in Table 1 ). The slopes of forward-masked spatial tuning curves (FmSTC) are thought to reflect the current decay with spatial distance along the cochlea. With the FmSTC method (Nelson et al., 2008) , the average current decay was found to be 3.7 dB/mm for bipolar stimulation, approximately three times steeper than the average decay rate of 1.2 dB/mm for monopolar stimulation. The FmSTC current decay estimates exhibit large variability across subjects because the tuning depends largely on the survival rate of the auditory nerve. A more accurate and reliable method would be to measure decay rate directly from neuron responses to electric stimulation.
In Nucleus-22 cochlear implants, measurements of potential decay in a 500-ml bath filled with Ringers's solution showed decays of 3.75 dB/mm for monopolar and 7.5 dB/mm for bipolar configurations (Kral et al., 1998) . In cats, auditory nerve single-unit thresholds to electrical stimulation were used to determine spatial tuning curves for monopolar and bipolar configurations; the respective decay rates were 3.12 and 8.47 dB/mm (Kral et al., 1998) . These thresholds have been used to determine the spatial resolution of the electrical stimulus (Hartmann and Klinke, 1990b) . The mean slopes were found to be $3 and $7.4 dB/mm for monopolar and bipolar stimulations, respectively (Hartmann and Klinke, 1990b) . Finally, estimates can be inferred from the equation used to compute current spread: I X = I E exp (Àx/k), where I X is the current at point x, I E is the current impressed by the electrode, and k is the current-attenuation distance constant. Early studies reported constants of 2-4 and 8-11 mm for bipolar and monopolar stimulations, respectively, (Black and Clark, 1985; Black et al., 1981 Black et al., , 1983 O'Leary et al., 1985) . The ratio of monopolar to bipolar distance ($3) is consistent across studies.
Based on the above evidence, it seems reasonable to expect that, in terms of speech recognition, bipolar configuration would be more beneficial than monopolar. Behavioral data from CI users, however, suggest otherwise. Subjects fitted with monopolar 0378-5955/$ -see front matter Ó 2008 Elsevier B.V. All rights reserved. doi:10.1016/j.heares.2008.04.012 stimulation perform as well or better than with bipolar stimulation. In the study by Pfingst et al. (1997) , for instance, Nucleus-22 patients fitted with a wide bipolar configuration (BP + 6; 5.25 mm separation) performed better on speech recognition tasks than when fitted with a narrow bipolar configuration (BP; separation of 0.75 mm). A similar outcome was also observed by Pfingst et al. (2001) with Nucleus-24 patients using the SPEAK strategy. In addition, an interaction was observed between effects of electrode configuration and place of stimulation. Similarly, in other studies (Lehnhardt et al., 1992; Zwolan et al., 1996) subjects showed stronger preference for monopolar stimulation over bipolar stimulation.
The potential mechanisms underlying the benefit of broader excitation patterns produced by monopolar stimulation remain unknown. One hypothesis is that monopolar electrode configuration reduces current levels required to elicit an auditory sensation. Evidence from forward-masking experiments showed that the current spread might be equivalent in both cases since the bipolar configuration requires larger current amplitude to elicit the same loudness of the monopolar configuration (Kwon and van den Honert, 2006; Chatterjee, 1999; Pfingst et al., 1997 Pfingst et al., , 2001 van den Honert and Stypulkowski, 1987) . Another hypothesis is that broader configurations excite larger neuron populations providing a more robust representation of information on each channel. It is known that the number of neurons excited by an electrical stimulus increases considerably as the stimulus level increases. Furthermore, many types of discrimination improve as a function of stimulus level (Morris and Pfingst, 2001 ). These hypotheses need to be interpreted with caution given the large number of confounding factors associated with cochlear implants. Foremost among them is the variability in surviving nerve fiber sites as well as the differences in the distribution of neural sites containing excitable neuron elements among cochlear implant users. These confounds make it extremely difficult to gauge the perceptual effect of monopolar/bipolar configurations.
Another disparity between theoretical expectations and experimental data is that increasing the number of channels should lead to better spectral resolution and therefore yield better speech recognition performance. However, several studies (Fishman et al., 1997; Friesen et al., 2001) have demonstrated that speech recognition does not improve once the number of channels exceeds 10. These findings are accounted for partly in terms of channel interactions and the limited spatial selectivity of stimulation.
The above studies lead us to simulate, at the acoustic level, the effect of spread of excitation using a physiologically-based model that describes the decay rate of electrical current dispersed in the cochlea. In the present study we extend the noise-band vocoder simulations to take into account the spread of excitation. Others have attempted to model channel interaction in vocoder simulations by changing the slopes of the analysis (Fu and Shannon, 2002) and/or synthesis (Shannon et al., 1998) bandpass filters. The choices of filter slopes, however, were not based on physiological data (as it is in our study) and the simulated spread of excitation was restricted to a small frequency region (signal bandwidth). In contrast, in our simulation the filter slopes decay exponentially to simulate the same exponential rate of current decay. In addition, the bandwidth of the different synthesis filters depends on the current spread along the basilar membrane and the characteristic frequency along the excited basilar-membrane segment. So, in our simulation the spread of excitation is not restricted in any way and extends up to 20 kHz. In the present vocoder simulations, we chose the monopolar and bipolar current decay estimates according to measurements made directly from neuron responses to electric stimulation; this method is more accurate and reliable since it avoids the confounding factor of neuron survival rate. The bipolar current decay is 8 dB/mm, which is simulated by a synthesis filter with 26.67 dB/mm attenuation rate. The monopolar current decay rate is 4 dB/mm, which is simulated by a synthesis filter with 13.3 dB/mm. The 1 dB/mm current decay, simulated by a synthesis filter with 3.33 dB/mm attenuation is much wider than the typical monopolar-stimulation current decay.
Vocoder simulations are used in the present study for several reasons. For one, these simulations have been shown by many (e.g. Dorman and Loizou, 1997) to provide results consistent with the outcome of cochlear implants. Secondly, the vocoded speech can be presented to normal-hearing listeners in the absence of confounding factors (e.g. neuron survival sites) associated with cochlear implants. The present study focuses on the interaction between spectral resolution (number of channels) and spread of excitation. Spectral resolution is varied by processing the stimuli in 4-16 channels with varying degrees of excitation spread. The processed stimuli (sentences in quiet and in noise, and monosyllabic words) are presented to normal-hearing listeners in a speech identification paradigm.
Method

Subjects and speech material
Twenty-three undergraduate college students with normal hearing were paid to participate in the experiments; ages ranged from 18 to 24 years old. All participants were native speakers of American English. HINT sentences (Nilsson et al., 1994) and monosyllabic words (Peterson and Lehiste, 1962) were used in the recognition test in quiet. The HINT sentences were also presented in speech-shaped noise at 10 dB SNR. The (steady) speech-shaped noise had a spectrum that matched the long-term spectrum of the HINT sentences. The research protocol was approved by the Institutional Review Board of the University of Central Oklahoma.
Signal processing
The effect of excitation spread on speech intelligibility was simulated in normal-hearing subjects by varying the slopes of the synthesis bands in the noise vocoder. More specifically, the synthesis-band slopes (acoustic spectral decay) matched the current decay rate (measured in dB/mm) typical of monopolar and bipolar stimulation. The effective bandwidth of the synthesis bands approximated the current spread along the basilar membrane. The slopes of the analysis bands were held constant at À36 dB/octave (see Table 2 ).
The stimuli were processed through 4-, 8-, or 16-channels (see block diagram in Fig. 1 ). The test material was first bandpass filtered (6th order Butterworth) into 4-16 channels according to a Ringer's bath Kral et al. (1998) Nerve unit Kral et al. (1998) Cat (Hartmann and Klinke, 1990b ) Black and Clark (1985) logarithmic filter spacing. Table 3 lists the center-frequencies and bandwidths of the analysis filters. Following the bandpass filtering, the envelopes were computed using a half-wave rectifier followed by a second-order Butterworth low-pass filter with a 400-Hz cutoff frequency. The resulting envelopes of each channel were modulated with white noise and re-filtered with synthesis filters having slopes matched to the current decay rate of monopolar and bipolar stimulation. Figs. 2 and 3 show the magnitude frequency response of the synthesis filters used in 4-and 8-channel vocoders. Note that the bandwidth of the synthesis bandpass filters matched the frequency range corresponding to the cochlear segment excited by electrical stimulation. Finally, the stimuli were synthesized by summing up the outputs across all channels. The slopes of the synthesis filters (acoustic spectral decay) were computed by taking into account the difference in speech dynamic range between cochlear implant and normal-hearing listeners. On average, the electrical dynamic range (DR CI ) is 15 dB and the acoustic (speech) dynamic range (DR NH ) is 50 dB (Zeng et al., 2002) . Hence, the slope of the synthesis filters was computed by multiplying the current decay rate (a C ) by the ratio of the acoustic to electrical dynamic range:
where a S is the slope of the designed synthesis filters expressed in dB/mm. For current decay rates of 1, 4, or 8 dB/mm, the equivalent slopes of the synthesis filters were set to 3.3, 13.3 and 26.67 dB/ mm, respectively. The bandwidth of the synthesis filter was not equal to the bandwidth of the analysis filters, but rather proportional to either the monopolar or bipolar current spread along the basilar membrane. The extent of spread along the basilar membrane (L) can be calculated by dividing the electrical dynamic range by the current decay rate:
where L is expressed in mm. According to Eq. (1.2), for current decay rates of 1, 4 and 8 dB/mm and electrical dynamic range of 15 dB, the extent of excitation spread to either side of the active electrode is 15, 3.75 and 1.875 mm, respectively. The Greenwood frequency-toplace function (Greenwood, 1990 ) was used to determine the range of frequencies encompassing the spread of excitation. Note that the overall spread of excitation depends largely on the basilar membrane location, i.e. on the characteristic frequency. For example, the overall spread of 3.75 mm at 625-Hz center frequency (characteristic frequency), extends from 313 Hz to 1148 Hz place in frequency. However, the same spread at a 3063-Hz center frequency extends from 1766 to 5241 Hz. In addition, the overall bandwidths (spread of excitation) are not the same because the frequency mapping along the basilar membrane is logarithmic. The synthesized filters with the specified magnitude were designed in MATLAB using the fir2 function (this function calculates the coefficients of a digital finite impulse response filter with frequency response magnitude that matches exactly the current spread envelope). The filter attenuation slopes in dB/octave were measured from Fig. 2a to be À14, À50, and À110 dB/octave for the current attenuations of À1, À4, and À8 dB/mm, respectively. 626  875  313  250  251  125  1563  1000  563  250  376  125  3063  2000  876  375  501  125  6001  3875  1313  500  688  250  1938  750  938  250  2876  1125  1188  250  4313  1750  1438  250  6563  2750  1688  250  2001  375  2438  500  2938  500  3501  625  4188  750  5001  875  6001  1125  7251 1375
Frequencies are given in Hz.
The speech stimuli were processed offline in MATLAB through 4, 8, or 16 channels, each with synthesis filter slopes set at 3.33, 13.33, or 26.67 dB/mm. As an additional control condition, stimuli were processed also through the same number of channels and synthesis filters as those of the analysis filters (see Figs. 2 and 3 ).
Procedure
The experiments were performed on a PC equipped with a Creative Labs SoundBlaster 16 soundcard. Stimuli were presented monaurally over Sony headphones with flat frequency response in the 18-22,000 Hz range and 98 dB/volt sensitivity. Subjects were asked to write down the words they heard. Performance per sentence was scored in terms of percent words correctly identified (all words were scored).
Testing was carried out in two different sessions (in different days): the HINT sentence tests (in quiet and in 10 dB SNR) in the first session and the CNC test in the second session. At the beginning of each test, the subjects had a practice session first with speech materials processed through the 16-channel condition, then through the 8-and the 4-channel conditions. The goal was to maximize practice listening to vocoded speech. Prior to the beginning of each test, subjects practiced with 15 sentences and 25 words for each channel condition. The sentences and words used in the practice session were not used in the test sessions. In the practice session, subjects were allowed to adjust the signal level to comfortable loudness. Following the practice session, the subjects were tested in the various experimental conditions. Overall, the first 10 subjects were tested in a total of 12 conditions (=4 different number of channels Â 3 slopes) including the baseline condition in which the analysis and synthesis filters were the same. Twenty HINT sentences and 25 CNC words 1 were used for each condition. The presentation order of the processed and control conditions was randomized for each subject. Seven subjects were tested in a total of 12 conditions (= 4 different number of channels Â 3 slopes), and another group of six subjects was tested in the 3 baseline conditions (=3 different number of channels).
Results
Mean recognition scores for HINT sentences and CNC words presented in quiet are shown in Fig. 4 . Mean recognition scores for HINT sentences presented in noise (10 dB SNR) are shown in Fig. 5 . The sentences were scored in terms of percent of words identified correctly (all words were scored). Two-way ANOVA (with repeated measures) performed on the sentence scores in Fig. 2 . Magnitude responses of the synthesis filter for the 4-channel vocoder with slopes of (a) 3.33, (b) 13.3 and (c) 26.67 db/mm (equivalent to a current decay rate of 1, 4, and 8 db/mm, respectively). The filter used in the baseline condition is show also (d).
1 The fact that we used 25 words (rather than 50 words) for each condition limits admittedly the interpretation of significant changes in test scores and lowers the statistical power of the tests. Nevertheless, the overall pattern in performance with the CNC word test was very similar to that observed with the HINT sentence test in noise.
quiet showed significant main effects of number of channels (F[2, 18] The results clearly show that performance depends both on the effective spectral resolution (number of channels) and spread of excitation. For sufficiently fine resolution (more than 8 channels), performance on sentence and word recognition in quiet seems to be relatively unaffected by spread of excitation, except in the extreme condition of 3 dB/mm current spread. Post-hoc tests (Fisher's LSD) showed that the sentence recognition performance improved significantly (p < 0.05) for all number of channel conditions when the spread of excitation was reduced from 3 dB/mm to 13 dB/mm. Performance asymptoted at 13 dB/mm with 8 and 16 channels of stimulation. A similar pattern was observed in word recognition (bottom panel in Fig. 4 ) using 8 and 16 channels of stimulation. A slightly different picture emerged on sentence recognition in noise with 8 channels of stimulation: while performance improved with 8 channels of stimulation when the spread of excitation was reduced from 3 dB/mm to 13 dB/mm, performance degraded significantly (p < 0.05, Fisher's LSD) when the spread of excitation was reduced to 26.6 dB/mm.
The overall pattern of performance changed when the spectral resolution was reduced to 4 channels. Sentence recognition performance in quiet reached a peak at 13 dB/mm, and declined significantly (p < 0.05, Fisher's LSD) at 27 dB/mm. Sentence recognition performance in noise was the same at 3 dB/mm and 13 dB/mm, but declined significantly (p < 0.05, Fisher's LSD) at 27 dB/mm. Similarly, word recognition performance was the same (p > 0.05) at 3 dB/mm and 13 dB/mm, but declined significantly (p < 0.05, Fisher's LSD) at 27 dB/mm. These data suggest that performance is affected significantly by the spread of excitation when the spectral resolution is poor (4 channels in quiet and 8 channels in noise).
It is interesting to note that, in the baseline control condition (synthesis filters matched to the analysis filters), performance was comparable to that attained with the 13 dB/mm synthesis filters (see Fig. 4 ). This was expected since in this condition the rolloff of the synthesis filters was comparable to that of the 13 dB/mm synthesis filters (see bottom panels in Figs. 2 and 3) . Performance in the control conditions continued to improve as the number of channels increased. However, performance with the 13 dB/mm synthesis filters improved slightly as the number of channel increased beyond 8 channels, and deteriorated for the 3 dB/mm synthesis filters.
Discussion
The present data revealed a significant interaction between spectral resolution (number of channels) and spread of excitation. Performance was worst with the broadest excitation spread (3 dB/ mm), and the effect was most evident in the word-and the sentence recognition task in noise. The poor performance obtained with broadest excitation spread can be explained on the basis of spectral smearing, which is known to have a deleterious effect on speech recognition (e.g. Keurs et al., 1992) .
Reducing the spread of excitation had little effect on recognition of HINT sentences and CNC words in quiet, when the spectral resolution was adequate (>8 channels). A comparatively larger effect was observed with recognition of sentences in noise (Fig. 5) . Performance in noise with 8 and 16 channels of stimulation improved by 30-35 percentage points, when the spread of excitation was reduced to 13.3 dB/mm. Reducing the spread of excitation further (26.6 dB/mm) produced no improvement in performance with 16 channels of stimulation. A small, but statistically significant (p < 0.05), decrement in performance was observed when the spread of excitation was reduced to 26.6 dB/mm with 4 and 8-channels of stimulation. This outcome is partly consistent with CI behavioral data (Pfingst et al., 1997 ). In the study by Pfingst et al. (1997) , Nucleus patients fitted with a wide bipolar configuration (BP + 6; 5.25 mm separation), hence a wider excitation spread, exhibited better speech recognition than when fitted with a narrow bipolar configuration (BP; separation of 0.75 mm). The peak performance at 13.3 dB/mm for 4-and 8-channel vocoders and the performance drop at wider and narrower current spreads is in line with previous findings : the average CNC phoneme-recognition scores of six CI24 users were 20%, 32%, 25% for BP, BP + 6, and MP2 electrode configurations, respectively. In terms of the present data, this would imply that the Nucleus patients were effectively utilizing a small number of channels of spectral information. Several studies (Fishman et al., 1997; Friesen et al., 2001 ) support this implication demonstrating that many CI users appear to effectively function with a small number (4-8) of channels of stimulation despite the considerably larger number (22) of electrodes available.
There are few plausible explanations for the decrement in performance observed with narrow spread of excitation when only a small number (4-8) of channels of stimulation is available. For one, fewer neuron populations are recruited and activated. As argued by Pfingst et al. (1997) , when fewer neurons are activated more spikes per neuron would be required to reach the same loudness obtained with wider spread of excitation. This would then drive the neurons to rate saturation and reduce the amount of spatial detail in the neural activity pattern. The condition having four narrow bands of information might be viewed as analogous to listening to a coarse but ''discrete" spectrum. Such an impoverished spectral representation would arguably make it extremely difficult for listeners to ''fill in" the spectral gaps and extract say formant frequency information or any other useful information from the spectral envelope. In contrast, a wider spread of excitation would somehow fill up the spectral gap to some degree, and make it easier for listeners to ''interpolate" in between the four narrow bands of spectral information.
For the sentence recognition test in noise (HINT), speech intelligibility improved slightly as the number of channels (spectral resolution) increased to 16 (for the same spread of excitation) and remained relatively unaffected by the reduced spread of excitation. This suggests that with narrow spread of excitation, it is possible to improve speech intelligibility by increasing the number of channels. This finding is in agreement with the conclusions of Fu and Nogaki (2004) ; in their study, cochlear implant users and normal-hearing (NH) subjects were asked to recognize sentences in modulated noise. In the acoustic simulations, NH listeners were tested with different degrees of spectral resolution (4-16 channels) and spectral smearing (carrier filter slopes of À24 or À6 dB/octave). With little spectral smearing (À24 dB/octave), NH subjects were able to obtain significant release from masking, even when the spectral resolution was severely reduced. In contrast, when the carrier bands were smeared to simulate channel interaction (À6 dB/octave), NH listeners exhibited no significant release from masking, even when the spectral resolution was moderately high (eight channels). Overall, with severely smeared bands (À6 dB/octave), the improvement in performance obtained when the spectral resolution increased from 4 to 16 channels was small compared to the condition in which the carrier bands were not severely smeared (À24 dB/octave). That is, performance improved the most when the number of channels increased from 4 to 16 and the carrier bands were not severely smeared (À24 dB/octave). This outcome is consistent with our data in noise (Fig. 5) . With wide spread of excitation (3 dB/mm), performance improved by 30 percentage points when the number of channels increased from 4 to 8, but with narrow spread of excitation (13 dB/mm) performance improved by nearly 60% points. Overall, the data in the present study support the conclusions by Fu and Nogaki (2004) that improving the effective number of spectral channels as well as reducing channel interactions may improve implant users' performance in noise.
The present current-spread vocoder simulations predict cochlear-implant performance more accurately than the conventional vocoder simulations. In agreement with actual performance of cochlear implant users, speech intelligibility is lower with current-spread vocoder simulations than with the conventional vocoder simulations, and smaller improvements are observed with an increase in number of channels from 8 to 16.
Conclusions
The present paper proposed an acoustic simulation vocoder which can be used to model the spread of excitation in the cochlea. The data confirmed a significant interaction between spectral resolution and spread of excitation. A narrow spread of excitation beyond 13.3 dB/mm had little effect on sentence and word recognition in quiet when the spectral resolution was adequate (>8 channels) but had a significant effect when the spectral resolution was poor. A significant decrement in performance was observed for extremely narrow excitation patterns with 4-channels of stimulation in quiet and 8-channels in noise. The 8-and 4-channel outcomes are consistent with that obtained in cochlear-implant studies in that CI users tend to do as well as or better with (and often prefer) monopolar stimulation. In addition, the present data showed that recognition of sentences in noise may improve as the spread of excitation is narrowed and the spectral resolution is improved to 8-16 channels.
